Hydroxamic acids are important defense compounds in cereals and have been subject to extensive research. Two important hydroxamic acids in maize are 2-β-D-glucopyranosyloxy-4-hydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA-glc) and its 8-methoxylated derivative (DIM 2 BOA-glc). The compounds are typically reported as resolved by mass spectrometry rather than chromatography, with DIM 2 BOA-glc quantified relative to DIMBOA-glc. Biphenyl HPLC columns, however, allow good separation of the two compounds at both the analytical and semi-preparative scale, enabling both isolation and absolute quantitation of both compounds. In combination with established sample treatment and chromatographic methods, biphenyl chromatography thus promises new possibilities for resolving benzoxazinoid glucosides.
The benzoxazinoids (BXs) include the hydroxamic acids 2,4dihydroxy-2H-l,4-benzoxazin-3(4H)-one (DIBOA), and 2,4dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA), that may occur as glucosides or aglucones, as well as the benzoxazolinones benzoxazolin-2-one and 6-methoxybenzoxazolin-2-one. Lactams corresponding to the hydroxamic acids, but lacking the 4-hydroxyl, are also found, and in maize, the 8-methoxylated derivative of DIMBOA, 2,4-dihydroxy-7,8-dimethoxy-2H-1,4benzoxazin-3(4H)-one (DIM 2 BOA) may occur [1, 2] . Structures of some commonly found hydroxamic acid aglucones and glucosides are given in Figure 1 . Furthermore, aglucones are denoted with an "a", glucosides with a "g" and benzoxazolinones with a "b".
BXs are important defense compounds in cereals [2, 3] including maize [4] , rye [5, 6] , wheat [7] and wild barley [8] . Beyond direct activity, they are involved in signaling within plants [9] , and between plants and the rhizosphere [10] . Furthermore, BXs have recently gained interest as possible health-protecting substances in whole-grain foods [11] [12] [13] . 2a was first isolated from rye [14] and 4a from wheat and maize in 1959 [4, 15] . 5g was first obtained in 1971 [1, 16] . The BXs have since been found to occur even in a limited number of non-graminaceous species [17] .
BXs are stored in the vacuole as inactive hydroxamic acid glucosides and come into contact with β-glucosidases stored in the plastids when the two compartments are disrupted by mechanical damage to the plant [18] . Enzymatic hydrolysis liberates the aglucones that further degrade spontaneously to benzoxazolinones [19] . Quantitation of hydroxamic acid glucosides therefore forms an integral part of many studies of plant defense in cereals. BXs were typically quantified by HPLC-UV previously, but the current method of choice is LC-MS. 4g and 5g are often reported as resolved by mass spectrometry rather than chromatography, because of poor resolution of the two compounds on commonly-employed C18 columns, especially for shorter chromatographic methods, with 5g quantified relative to 4g [20] [21] [22] [23] . The desire to obtain 5g prompted us to look for alternatives to C18 columns.
A C18 method provided adequate separation of 10 BXs including four hydroxamic acid and lactam glucosides, their four aglucones, and two benzoxazolinones. Addition of 5g to the method resulted in co-elution with 4g, as expected from the literature. The two compounds were differentiated by separate multiple reaction monitoring (MRM) transitions in LC-MS/MS analysis, since their ESI-MS/MS spectrum show corresponding characteristic fragments, 30 mass units higher in the case of 5g because of the extra methoxy group at R 2 (see Figure 1 ). While this has presented no problem for analytical work, it has impeded the purification of 5g by HPLC.
By varying chromatographic conditions, three ways of separating 4g and 5g were observed. Lengthening separation time allowed partial resolution (not shown), as did elevating the column temperature, and finally employing a column with greater aromatic selectivity. A biphenyl column provided effective separation of the glucosides of interest when using water and methanol eluents. In this system π-π interactions between the column and aromatic moieties of the analytes presumably decrease the influence of the sugar moieties on retention time. Here we compare two relatively short methods (see Figure 2 ), since lengthy analysis times are undesirable for analytical purposes because of limited throughput, and for preparative purposes because of solvent consumption. Method 1 used a water-acetonitrile gradient and a C18 column, while method 2 used a water-methanol gradient and a biphenyl column. Retention times for both methods are given in Table 1 .
The relative position of the analytes was quite different because of the different selectivities of the two columns and solvent systems, though retention times were shorter overall in method 1, in which the glucosides all eluted early, with only the two most polar aglucones (1a, 2a) eluting among the glucosides. In method 2, the last glucoside to elute (5g) was second-last overall, and all glucosides eluted near and immediately prior to their aglucones, regardless of the exact agluconic moiety. The different selectivities of the two methods were also reflected in the differing resolution of i). glucosides from other glucosides and ii). glucosides from their aglucones. In method 1, resolution of glucosides from similar glucosides was worse than resolution of glucosides from their corresponding aglucones, whereas in method 2, resolution of glucosides from similar glucosides was comparable or better to resolution of glucosides from their aglucones. Furthermore, method 2 offered far better resolution of 4g and 5g compared to method 1, even considering the slightly longer overall analysis time. Although elevated column temperature may be undesirable for preparative purposes, the biphenyl column retains the ability to resolve the glucosides at lower temperatures, as evidenced by our separation of 3g, 4g, and 5g on a semi-preparative biphenyl column at 30°C.
There remained the issue of resolving glucosides from the aglucones of other glucosides (e.g. 2g from 1a, 4g from 3a), but this problem could be addressed by tailoring the sample preparation method and using liquid-liquid extraction to obtain either glucosides or aglucones [24] prior to chromatographic separation, or alternatively by C18 chromatography, although this is timeconsuming. Biphenyl columns appear to offer a promising method for separating benzoxazinoids based on the substituents of their aromatic moieties provided, however, that aglucones and glucosides are first separated. Finally, even without prior separation of glucosides and aglucones, compounds co-eluting on the biphenyl column (e.g. 2g from 1a, 4g from 3a) appear well-resolved on the C18 column, and vice versa. The combination of these chromatographic methods with available sample pre-treatment options thus appears very promising for purifying benzoxazinoids.
4g (DIMBOA-glc) and 5g (DIM 2 BOA-glc) were isolated by semipreparative HPLC, and their structures confirmed using 1D and 2D 1 H and 13 C NMR techniques as well as ESI-MS data. DIMBOA-glc and its aglucone have been isolated and NMR data published by several groups [25] [26] [27] [28] [29] . Our data is in good agreement with the literature, though there is some disagreement about the assignment of carbons 9 and 10 in the benzoxazine ring system. Our data is in agreement with Atkinson et al. [30] , as the carbon at 141 ppm (137 ppm for 5g) displays a long-range coupling to the acetal proton on C-2 and must therefore be C-9 rather than C-10. Attachment of the methoxy group at C-7 is supported by the HMBC spectrum and the coupling pattern of the aromatic protons. The hydroxamic acid proton is seen as a broad peak at 10.95 ppm. The sugar moiety was confirmed as β-glucose by comparison of the 1 H and 13 C data to reference values. J-couplings were determined using phasesensitive COSY spectra. Attachment of the sugar moiety at C-2 of the benzoxazine ring was confirmed by HMBC coupling between the anomeric proton and the benzoxazine C-2. NMR data for 5g and its aglucone is only partly available in the literature [1, 16, 28, 30] , for which reason our identification is based both on published data for the aglucone and comparison to 4g. NMR data for 5g differed from that for 4g only by the presence of an additional methoxy group and one less aromatic proton. Both methoxy groups exhibited long-range coupling into the aromatic system, confirming that both methoxy groups were substituents of the aromatic ring. Coupling constants of the two aromatic protons of 5g showed them to be neighboring while HSQC and HMBC data placed them in positions 5 and 6. The missing proton at C-8 in 5g when compared to 4g confirmed this to be the site of attachment of the extra methoxy group.
Experimental
General: HPLC columns used were purchased from Phenomenex (Torrance, CA). Analytical LC-MS was carried out on an Agilent (Santa Clara, CA) 1200 HPLC and a Sciex (Framingham, MA) 3200 QTrap mass spectrometer. Semi-preparative HPLC was carried out on an Agilent 1100 HPLC. Analytical standards except 5g were synthesized or obtained as gifts during prior projects [31] or as part of an ongoing patenting process [32] . 5g was obtained by repeated fractionation of crudely partitioned maize extract first using a C18 column to obtain a mixture of glucosides and then using a biphenyl column to separate the glucosides. Approximately 0.5 mg 5g was obtained per run, along with a small amount of 3g (0.05 mg/run) and a larger amount of 4g (1.5 mg/run). The identity of 4g and 5g was confirmed by 1 H, 1 H-COSY, 13 C APT and HSQC NMR on a Bruker (Billerica, MA) 500 MHz NMR spectrometer Separation of DIMBOA and DIM 2 BOA glucosides Natural Product Communications Vol. 12 (7) 2017 1035 equipped with a supercooled probe. Purity was assessed on the basis of collected NMR spectra as 95% for 4g and 89% for 5g. The purification process was part of a phytochemical survey rather than being directed at BX glucosides, so readers are encouraged to refer to the literature for more direct methods, e.g. [33] .
Analytical LC-MS:
Analytical method 1 used a Kinetex C18 column of length 150 mm, i.d. 2 mm and 2.6 µm particle size. Method 2 used a Kinetex biphenyl column of length 100 mm, i.d. 2 mm and 2.6 µm particle size. The chromatographic methods for both the C18 and biphenyl columns used a flow rate of 225 µL min -1 and a column temperature of 50°C. For method 1 (C18) the injection volume was 10 µL, while for method 2 (biphenyl) it was 5 µL. Both columns were equilibrated for 18 min between runs, and both methods used gradient elution with a mixture of two solvents, A and B. For the C18 method, initial conditions (10% B) were held for 7 min before ramping to 50% B at 14 min and 100% B at 14.5 min. 100% B was held until 19.5 min before returning to initial conditions at 20 min. For the biphenyl method, initial conditions (10% B) were not held after 0 min, ramping immediately to 20% B at 8 min and 100% at 15 min. 100% B was held until 19 min before returning to initial conditions at 20 min. For the C18 method, solvent A consisted of 3% acetonitrile in water and solvent B of 78% acetonitrile in water. For the biphenyl method, solvent A consisted of 10% methanol in water, and solvent B consisted of 100% methanol. All four solvents contained 20 mmol L -1 acetic acid. Table 2 lists the compound-dependent LC-MS parameters used for both methods. Instrument parameters were as follows: curtain gas, 20 psi; ion spray voltage, -4500 V; temperature, 500°C; gas 1, 60 psi; gas 2, 60 psi; interface heater, on. 
Extraction of maize seedlings:
Maize seedling extract was prepared as follows: Commercial game cover maize ("Jaegermajs") seeds (Danish Agro, Aarhus, Denmark) were soaked overnight in MilliQ water, drained, and sandwiched between two layers of moistened paper towel that were then folded over, placed in a sealable plastic bag, and kept sealed in the dark for two days. The seedlings thus pregerminated were transferred to plastic trays for cultivation and watered twice daily with 250 mL water. The water was able to drain through holes in the bottom of the trays. After 1 wk, the seedlings were transferred to a glass jar and frozen at -20°C prior to lyophilization. After lyophilization, the seedlings were homogenized and extracted. For extraction, 20 g homogenate was placed in 180 mL of methanol containing 1% acetic acid and shaken on a mixer for 2 h. The extract was evaporated on a rotavapor in a 500 mL round-bottomed flask rotating at 130 rpm, which proved important for separating soluble extract from particulate matter aggregating on the side of the flask. Water was added periodically during the evaporation to replace the evaporated methanol. The now aqueous extract was removed to a separatory funnel, acidified to pH 3 with phosphoric acid, partitioned three times with 100 mL ethyl acetate (which was subsequently discarded), filtered and evaporated to obtain a red flaky residue. The residue was dissolved in 25% methanol (approximately 20 mL g -1 extract) prior to two successive separations by semi-preparative HPLC.
Semi-preparative HPLC:
Both semi-preparative separations used a flow rate of 5 mL min -1 . From separation 1, a peak containing the majority of glycosides in the extract was collected and subjected to separation 2. In both separations solvent A consisted of 10% methanol and solvent B consisted of 100% methanol, each containing 20 mmol L -1 acetic acid. For separation 1, a Synergi Fusion RP-80A column of length 250 mm, i.d. 10 mm, and 5 µm particle size was used. A binary gradient was used beginning with 0% B and ramping to 89% B at 15 min, holding until 20 min and returning to 0% B at 22 min. The column was equilibrated for minimum 10 min while fractions were collected and the loop was loaded (1 mL injection volume). In separation 2, a fraction obtained from separation 1 containing 3g, 4g, and 5g was separated using a Kinetex biphenyl 100Å semi-preparative HPLC column of length 150 mm, 10 mm i.d., and 5 µm particle size. The fraction was evaporated to dryness and dissolved in 25% methanol (approximately 115 mL g -1 sample). A binary gradient was used beginning with 20% B for the first 11 min before ramping to 40% B at 19.3 min and 100% B at 20.7 min, holding until 26 min and returning to 20% B at 27 min. The column was equilibrated for minimum 10 min during fraction collection and sample loading (0.3 mL injection volume), and the chromatography was observed to be stable from run to run. The fractions obtained from repeated runs were combined and evaporated to dryness to yield 3g, 4g, and 5g. 4g (DIMBOA-glc) 1 
